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Plant hormones are small molecular natural products that regulate all plant developmental processes at low concentrations. Quan-
titative analysis of plant hormones is increasingly important for in-depth study of their biosynthesis, transport, metabolism and 
molecular regulatory mechanisms. Although plant hormone analysis remains a bottleneck in plant scientific research owing to the 
trace concentrations and complex components in plant crude extracts, much progress has been achieved in the development of 
extraction, purification and detection techniques in recent years. Solid phase extraction and chromatography/mass spectrometry 
have been applied widely for purification and quantitative analysis of plant hormones owing to their high selectivity and sensiti- 
vity. Purification methods such as liquid partition and immunoaffinity chromatography, and detection methods including immu-
noassay and electrochemical analysis, are employed. The advantages and disadvantages of these methods are discussed. In situ, 
real-time and multi-plant hormone profiling will comprise mainstream techniques for quantitative analyses in future studies on the 
regulatory mechanisms and crosstalk of plant hormones. 
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Plant hormones are naturally occurring secondary metabo-
lites that play key roles in the whole life cycle of plants, 
including cell division, enlargement and differentiation, 
organ development, seed dormancy and germination, leaf 
and organ senescence, and abscission [1]. Currently recog-
nized plant hormones include ethylene, auxin, abscisic 
acid, gibberellins, cytokinins, jasmonates, brassinoster-
oids and salicylates (Table 1). Some additional special 
secondary metabolites, such as nitric oxide (NO) and the 
newly discovered strigolactones, are also identified as plant 
hormones owing to their similar modes of action. A number 
of inducible defense mechanisms are involved in plant re-
sponses to both biotic and abiotic stresses such as pathogen 
attack, lesions resulting from insect feeding or other dam-
age, drought and salinity [2–4], and most importantly, these  
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defense responses are all triggered by plant hormones. 
A plant hormone, acting as a plant-development control-
ler or a plant-environment mediator, can influence crop 
yield directly or indirectly, therefore research into plant 
hormone physiology has become an important target for 
agriculture development. However, it is noteworthy that 
endogenous level of each plant hormone is very low [1], 
and quantitative analysis of these compounds is still ex-
tremely difficult for both biologists and analytical chemists. 
It is a challenge for researchers to enrich these low-level 
natural compounds from plant extracts in which large 
amounts of interfering substances are present. In addition, 
the limited quantities of plant tissue available for hormone 
quantification is another challenge. Consequently, the ana-
lytic methods must be extremely selective and sensitive. 
The quantitative analysis of plant hormones typically in-
cludes the following key points: (i) the plant materials must  
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Table 1  Structures and names of representatives of the major plant hormones 





Indole-3-acetic acid (IAA) 
Abscisic acid (ABA) 
 
S-(+)-abscisic acid (S-ABA) 
Jasmonates (JAs) 
 
(–)-Jasmonic acid (–)-JA 
Gibberellins (GAs) 
 
Gibberellin A1 (GA1) 
Salicylates (SAs) 
 












be maintained in an intact state during harvesting to avoid 
affecting the subsequent analysis; (ii) the proper solvent 
should be chosen for efficient extraction, and the solvent must 
make contact with the target analytes; (iii) the method for pu-
rification and enrichment of plant extracts should be opti-
mized; and (iv) development of sensitive and accurate ana-
lytical methods to determine hormone levels in the plant tis-
sues is necessary. In recent years, significant technical ad-
vances in plant hormone extraction and detection have shed 
light on hormone metabolism, signal transduction and plant 
hormone crosstalk networks. In 2007, the National Natural 
Science Foundation of China initiated a major research project 
on the topic of plant hormones, and one of the supported area 
is related to the quantitative detection of plant hormones, 
which is still the bottleneck for plant hormone physiology 
research. The aim of this review is to summarize these recent 
advances in the methods for quantification of plant hormones 
and to highlight key areas of future investigation. 
1  Extraction and purification 
As a special subset of plant secondary metabolites, plant 
hormones occur at very low concentrations of 0.1–50 ng g–1 
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fresh weight inside the plant, which are about one ten- 
thousandth or even lower than the concentration of other 
types of plant secondary metabolites such as flavonoids [5]. 
In addition, many plant hormones coexist with other en-
dogenous organic compounds in plant extracts, which may 
interfere with the final assay of the plant hormones. Thus it 
is important to design an extraction and purification strategy 
that can remove the interfering substances and enrich the 
target compounds from the complex plant extracts. 
1.1  Extraction 
Sample preparation is a key procedure in plant hormone 
analysis. First, plant materials is kept cold to avoid enzy-
matic induction of metabolic change or chemical degrada-
tion of the target compounds, and then the fresh or 
freeze-dried materials is ground into fine powder in liquid 
nitrogen. Second, an appropriate solvent must be selected to 
extract the compounds efficiently from the targeted tissues.  
At present, solvent extraction is still the most widely used 
method for plant hormone extraction. Many procedures for 
extraction have been developed and diverse solvents such as 
methanol, methanol/water mixture, acetone, acetone/water, 
propanol, propanol/water, and neutral or acid buffer are 
broadly used [6–13]. The polarity of the extraction solvent 
should match closely that of the target compound, and 
thereby the ratio of organic solvent to water is defined ac-
cording to the polarity of hormones. Non-polar solvents such 
as ether are rarely used to extract plant hormones. Of these 
organic solvents, methanol has become the preferred solvent 
and is widely used for extraction of plant hormones. Its 
small size and low molecular weight allow it to efficiently 
penetrate into plant cells during extraction [14–23]. Another 
notable problem is that some plant hormones are labile during 
the extraction process. Auxins, for example, are readily oxi-
dized or degraded when exposed to light, oxygen and high 
temperature. To protect against their degradation, addition of 
antioxidants during the extraction process is ne- cessary. As 
well as the external environment, many hormones, such as 
cytokinins, also can be degraded by endogenous enzymes. In 
this case, plant materials should be immediately frozen or 
extracted with a suitable solvent to prevent any enzymatic 
degradation. Attention should be paid to phosphatases, which 
can catalyze the hydrolysis of cytokinin riboside phosphates 
during extraction even with 80% methanol solvent. Bieleski 
[24] developed a solvent consisting of MeOH:CHCl3:   
H- COOH:H2O (12:5:1:2, v/v/v/v) that was found to inac-
tivate phosphatases in a variety of plant materials. However, 
the presence of CHCl3 in Bieleski’s solvent will extract 
lipophilic components from the plant tissue, which makes 
subsequent purification of hormones more complicated 
[25,26]. A modified Bieleski’s solvent (MeOH:HCOOH: 
H2O=15:1:4, v/v/v) was developed by adjusting the or-
ganic solvents and their ratio, and has been used widely for 
extraction of cytokinins and gibberellins [27,28]. Although 
the modified Bieleski’s solvent does not extract lipophilic 
components, it can still release free cytokinins from cyto-
kinin nucleosides, that affects the accuracy and reliability of 
the determination of endogenous cytokinins. 
The choice of extract solvent depends not only on the 
physicochemical properties of target analytes but also on the 
types of plant materials. The extract solvent should vary 
with the extraction conditions and the forms of the hor-
mones present in the plant sample. Ideal solvents should 
extract the hormone efficiently and avoid extracting addi-
tional, interfering substances from the plant tissues. 
1.2  Purification 
Because hormones are present in plant tissues at very low 
concentrations, and their determination can be hindered by 
hundreds of other abundant primary and secondary metabo-
lites, the purification and enrichment of hormones is very 
crucial for the final assay. For this purpose, different methods 
for further purification and enrichment of the crude extracts 
should be carried out. An increasing number of methods and 
techniques have been adapted for sample purification. 
(i) Liquid-liquid extraction.  Liquid-liquid extraction, 
also known as solvent extraction and liquid partition, is a 
method to separate compounds based on their relative solu-
bility in 2 different immiscible liquids, usually with a water 
and organic solvent system. Ideal partition results can be 
obtained by liquid-liquid extraction for some relatively 
high-level plant hormones. Many organic solvents, such as 
ethyl acetate, dichloromethane and diethyl ether, are used to 
purify plant hormones according to the physicochemical 
properties of the target hormones [7,9,15]. However, tradi-
tional liquid extraction involves many extraction steps and is 
a time- and solvent-consuming work. Additionally, it should 
be noted that liquid-liquid extraction can reduce the extrac-
tion efficiency of water-soluble plant hormones because of 
serious emulsification. All these disadvantages have seen 
this method used decreasingly in laboratory studies.  
Recently, a new liquid extraction method was developed 
by improving the traditional technique. The new method 
was used to extract and concentrate four acidic plant hor-
mones (IAA, ABA, SA and JA) simultaneously in natural 
coconut juice through a hollow fiber-based liquid-liquid- 
liquid microextraction [29]. Although it is a fast and low 
solvent-consuming method, the complicated organic solvent 
selection criteria and experimental design still limit its ap-
plication. In the liquid-liquid-liquid phase microextraction 
mode, the analyte is extracted from an aqueous solution 
(donor phase) into another pH-different aqueous phase (ac-
ceptor phase) through an organic solvent (organic phase). 
The suitable solvent should be immiscible with water to 
avoid dissolution during the extraction and has a similar 
polarity to the hollow fiber. The solubility of the analytes in 
the organic solvent should be higher than that in the first 
aqueous solution, and lower than that in the 2nd aqueous 
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solution. Taken together, the liquid-liquid and improved 
liquid-liquid-liquid methods only partly solve the problems 
of plant hormone purification and enrichment, and their effi-
ciencies are far from meeting the researcher’s requirements 
for fast, convenient and high-throughput sample analysis. 
(ii) Solid-phase extraction.  Solid-phase extraction 
(SPE) differs from the liquid-liquid method in that a SPE 
column is used to separate the target compounds from other 
compounds dissolved or suspended in the same liquid mix-
ture according to differences in the physicochemical proper-
ties of the compounds. The aim of removing the inter-   
ference substances and enriching the target hormones from 
the samples can be achieved by trapping the target com-
pounds on the SPE column and eluting the interference 
compounds or vice versa. The affinity of the target or inter-
fering compounds on the SPE column is the only criteria for 
the researcher to determine which handling process is better 
for their experiment. Compared to the liquid-liquid extrac-
tion method, SPE is a time-saving method that consumes 
fewer solvents during sample processing and also poten-
tially affords the possibility of high-throughput device 
which will be used in the field of plant hormone analysis. 
Many types of commercial SPE columns can be applied for 
the extraction and enrichment of different kinds of plant 
hormones. To increase the efficiency of purification, the 
solid particulate medium and sample processing must be 
investigated according to the different physicochemical 
properties of the target plant hormones.  
Some laboratories use a High-Performance Liquid 
Chromatography (HPLC) fraction to enrich hormones dur-
ing plant sample handling. HPLC can be regarded as a spe-
cial solid-phase extraction technique and can enrich the tar-
get hormones efficiently and remove interfering compounds 
significantly. Currently, a gel column, C18 column and ODS 
column have been used for the purification of plant hor-
mones [30–32]. Fractionation by HPLC is more accurate 
and reliable than that of other methods. HPLC, however, 
has disadvantages such as a longer running time, consumes 
more of organic solvents and is more expensive compared 
to SPE methods. The method has been seldom used for pu-
rification of hormones except those occurring at much lower 
concentrations such as gibberellins [33]. 
Solid phase extraction provides more streamlined sample 
processing compared with HPLC fractionation. Owing to 
the faster sample preparation and better reproducibility, SPE 
is used widely for the extraction of plant hormones. A wide 
range of high-quality SPE columns are available, offering a 
variety of separation modes for different applications. The 
major classes of sorbents in use are summarized in Table 2. 
The main separation modes used are ion-exchange [34,35], 
reversed-phase (C18, [16,36–40]; Oasis HLB, [8,28,41]) and 
mixed mode (Oasis MAX, [41]; Oasis MCX, [28,39,40]). 
Considering the complex interference compounds that 
might be present in the plant extracts, more than one kind of 
sorbent is used to enrich the plant hormones efficiently. 
Among the sorbents, C18 is the most widely used. When the 
SPE column is conditioned with weak acid solution and the 
plant extracts’ pH is adjusted with weaker acid, the acidic 
plant hormones can be kept in a neutral form and trapped on 
the C18 column before sample loading. After loading the 
sample, the target analyte is eluted with the corresponding 
acidic aqueous solution of methanol or ethanol (generally, 
the acidity is adjusted by formic acid or acetic acid). C18 is 
apparently extremely efficient in the removal of polar com-
pounds and plant pigments. However, Hou et al. [42] found 
that non-acidified methanol solutions had stronger eluting 
abilities than acidified solutions because acidified methanol 
can keep the carboxyl-containing plant hormones in a neutral 
form that is much more strongly retained on the C18 column. 
The sample matrix, physicochemical properties of the ana-
lytes, and the nature of the bonded phase should be taken 
into account when choosing SPE columns. Combinations of 
two or more different kinds of SPE columns are often used 
in plant hormone analysis. Anion-exchange columns and 
cation-exchange columns are often used to extract acidic 
analytes and basic analytes, respectively [27,40,41]. During 
extraction, the pH of the sample is adjusted to ionize the 
target molecules so that the target molecules can be ad-
sorbed on the oppositely charged sites of the sorbent. Sub-
sequently, the anion or cation analytes are eluted with the 
corresponding acidic or basic aqueous solution of methanol. 
Cytokinins are amphoteric plant hormones with a pKa ≈ 4 
with a nitrogen atom at the 6-C of purine and a pKa ≈10 
with a nitrogen atom in the imidazole ring; these properties 
can protonate and deprotonate the cytokinins under pH < 3 
and pH >11 solvent conditions, respectively [25]. All cyto-
kinins can be ionized under an appropriate pH, whereas the 
endogenous interference cytokinin-nucleotides cannot be-
cause they bear a phosphate group that possesses a diacid 
property with pKa1 ≈ 1.0 and pKa2 ≈ 6.0. Thus cytokinins 
can be separated and purified rapidly and efficiently from 
the interference background using mixed-mode SPE with 
both reversed-phase and ion-exchange extraction. Ge et al. 
[40] have developed an efficient dual-step SPE method for 
preconcentration and purification of cytokinins in coconut 
water using C18 and MAX column. A C18 column is ex-
tremely efficient for removal of lipids and some plant pig-
ments. After preconcentration with a C18 SPE column, fur-
ther sample purification can be carried out using 
mixed-mode cation exchanger (MCX) SPE cartridges with 
good recoveries. The cytokinins are separated from Oasis 
MCX columns using solvents containing different concentra-
tions of methanol and NH4OH. Purification of cytokinins 
using MCX SPE is also suitable for removal of ultraviolet 
(UV) absorbing contaminants combined with higher recov-
eries of cytokinins [27]. The cytokinin nucleotides can be 
eluted with 0.35 mol L–1 NH4OH; the cytokinin bases, ri-
bosides and glucosides can be eluted with 0.35 mol L–1 
NH4OH in 60% CH3OH.  
It is important to obtain the pKa value of the target hor- 
 Fu J H, et al.   Chinese Sci Bull   February (2011) Vol.56 No.4-5 359 
Table 2  Solid-phase extraction (SPE) applications in plant hormone analysis 
SPE name Classes Principle Character pH Analytes References 
DEAE-cellulose Anion-exchange 
DEAE-cellulose sorbent is diethylaminoethyl cel-
lulose, which provides anion-exchange  
retention 
Anion/ 
moderately polar 2–9.5 CTKs [34] 
SCX Cation-exchange 
SCX is a silica-based sorbent with a chemically 
bonded benzenesulfonic acid functional group, 
which provides cation-exchange retention 
Cation/nonpolar 2–8 CTKs [35] 
C18 Reversed-phase 





JA, ABA, IAA, 
IBA, GA, Z, BA, 
KT, CTKs 
[16,36–40] 
Oasis HLB Reversed-phase 
HLB sorbent is a macroporous copolymer made 
from a balanced ratio of two monomers, the lipo-
philic divinylbenzene and the hydrophilic 
N-vinylpyrrolidone 
Nonpolar/ 
slightly polar 1–14 
IAA, ABA 
GA, CTKs [8,28,41] 
Oasis MAX 
Mixed mode   
reversed-phase/ 
anion-exchange 
MAX sorbent is built upon HLB copolymer  
containing two monomers, hydrophilic 
N-vinylpyrrolidone and lipophilic divinylbenzene, 
which provides both ion-exchange and  
reversed-phase retention. The additional presence 
of quaternary ammonium groups allows for  
anion-exchange interactions 
Anion/nonpolar 1–14 
IAA, ABA,  
CTKs [41,43] 
Oasis MCX 
Mixed mode  
reversed-phase/ 
cation-exchange 
MCX sorbent is built upon HLB copolymer  
containing two monomers, hydrophilic 
N-vinylpyrrolidone and lipophilic divinylbenzene, 
which provides both ion-exchange and  
reversed-phase retention. The additional presence 
of sulfonic groups allows for cation-exchange  
interactions 
Cation/nonpolar 1–14 




mone before developing a hormone analysis method based 
on ion-exchange, reversed-phase and mixed modes SPE. 
The solution pH is adjusted to present analytes in a positive 
charge, negative charge or neutral form according to their 
pKa. The acidity and proportion of organic solvents in the 
eluent determine their eluting power. Therefore, the proto-
col must be optimized to purify the plant hormones effi-
ciently from the plant extracts. 
Some volatile plant hormones or derived plant hormones 
can be enriched using polymeric adsorbent (Super Q), 
which is an easy and cheap method to gain ideal results. 
Jasmonic acid (JA) and salicylic acid (SA) are thought to be 
central components of signaling pathways to activate plant 
defense responses [44–47]. Methyl jasmonate (MeJA) and 
methyl salicylate (MeSA) volatilize at a relatively low tem-
perature, which enables these compounds to be trapped on 
SuperQ filter material. Engelberth et al. [13] developed such 
a method with only one step based on the collection of the 
volatile derived compounds on Super Q. Engelberth et al. 
used citric acid in water/acetone (30:70, v/v) to extract JA 
and SA. They selected acetone/citric acid/water as the ex-
traction solvent rather than methanol/water mainly because 
some components would be methylated under the metha-
nol/water extraction condition, which will cause serious loss 
of components during evaporation of the solvent. Addition-
ally, the boiling point (56°C) of acetone is lower than that of 
methanol (63.8°C) and thus it is easier to be evaporated. 
The trapped MeJA and MeSA were eluted with dichloro-
methane for further quantification with gas chromatography 
(GC)/mass spectrometry (MS). This method omits further 
purification steps with high recovery, and is convenient and 
inexpensive for quantification of some plant hormones.  
Solid-phase microextraction (SPME) is a recently deve-  
loped SPE technique in which the extraction, concentration, 
desorption and injection of analytes is realized simulta-  
neously using a syringe-like injection device. The method 
has already been used for plant hormone purification [48]. 
The analytes must have properties similar to those of the 
coating material to be transported from the bulk matrix to 
the fiber coating and reach equilibrium quickly. The SPME 
extraction efficiencies are strongly influenced by fiber type, 
pH value, salinity, temperature and extraction time. Al-
though SPME has been applied widely in combination with 
GC, application of SPME-HPLC is still limited because of 
the small number of commercially available fiber coatings. 
In the SPME-HPLC system, the SPME fibre-absorbed tar-
get analytes are transferred to the HPLC injection port and 
eluted in the mobile phase. The coating materials must have 
sufficient tolerance in the mobile phase and maintain stabi- 
lity in acetonitrile, methanol and other organic solvents. 
Solid phase extraction technology greatly simplifies plant 
hormone purification and provides high-throughput capabi- 
lity. It has become a proven and general sample processing 
technology. Different kinds of sorbents and many sizes of 
SPE columns can be chosen to meet the requirements of a 
variety of sample pretreatments. It is a growing technologi-
cal area with the development of new sorbents and will be 
used widely for analyses of plant hormones in the future. 
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(iii) Immunoaffinity purification.  Immunoaffinity 
chromatography (IAC) purification is based on antibody- 
antigen (Ab-Ag) reorganization, and this specific interaction 
can provide extremely selective enrichment of the sample 
and thus greatly enhance the detection limit of the analysis. 
The method has been applied in the analysis of plant hor-
mones according to its high purification efficiency [49,50]. 
Some non-specifically absorbed compounds in the plant 
extracts are eluted, while compounds specifically binding 
with antibodies are retained on the IAC column and then 
released with suitable solvents. The IAC method is highly 
selective for trace levels of analytes in the presence of high 
concentrations of interfering substances. Thus, IAC purifi-
cation can strongly increase the selectivity and sensitivity of 
the analysis. However, plant hormones are haptens, which 
causes problems for specific recognition by antibodies. 
Therefore plant hormones are usually conjugated to macro- 
molecules to form antigens. Ulvskov and Nicander devel-
oped an IAC method in which antibodies are raised against 
IAA and cytokinins conjugated to bovine serum albumin 
(BSA) [51,52]. The antibody preparation step is the key 
factor for establishment of the IAC method because the an-
tibody directly affects the specific affinity of the plant hor-
mones. For small molecules, it is still difficult to prepare 
homogeneous and specific antibodies. Nevertheless, IAC 
has very broad potential for purification of plant hormones 
because of its high selectivity and high sensitivity. 
2  Techniques for analyses 
The development of a high-sensitivity and -selectivity de-
tection method is critical to obtain information on the en-
dogenous plant hormone concentration because plant hor-
mones are present in very low physiological concentrations 
against a background of a wide range of more abundant 
primary and secondary metabolites. The information is 
fundamental for understanding the role of plant hormones in 
signaling transduction networks and their molecular mecha-
nisms. Despite application of multistep purifications to 
crude plant extracts, there are still a large number of inter-
fering substances in the samples to be analyzed. An in-
creasing number of novel techniques are being developed 
for determination of plant hormones. 
2.1  Immunoassay 
Immunoassay techniques applied for plant hormone deter-
mination include radioimmunoassay (RIA) and enzyme- 
linked immunosorbent assay (ELISA). Both RIA and 
ELISA use radioactively labeled antigen (Ag*) and en-
zyme-coupled antigen (Ag*) to bind with an antibody to 
form the specific antigen-antibody (Ag*-Ab) complex, fol-
lowing which the hormones are quantified by measurement 
of radioactivity and enzyme activity. Immunoassay is a 
highly specific detection method because of the specific 
Ab-Ag binding property, and is a sensitive and relatively 
inexpensive alternative for estimation of plant hormone 
levels [53–55]. The specificity of the Ab-Ag interaction is 
the key factor affecting quantification results. Two aspects 
affect the plant hormone determination. First, plant hor-
mones can stimulate the formation of antibodies when they 
are conjugated with the carrier because they are haptens, 
resulting in reduced specificity in an immunoassay system. 
Second, some interfering substances can be misrecognized 
by the antibody and cause serious cross reactions. These 
compounds include plant hormone analogs, intermediates in 
the plant hormone biosynthesis pathways, and other struc-
turally closely-related compounds. Therefore, it was not 
until the early 1970s that an immunoassay technique was 
used for estimation of plant hormone levels. The advantage 
of the immunoassay method is its lower detection limit and 
higher sensitivity when applied to determination of plant 
hormones. 
Radioimmunoassay is a very sensitive method to mea-  
sure concentrations of antigens within the nanomole to pi-
comole range using radiation intensity [56,57]. Special se-
curity measures should be taken because radioisotopes such 
as 3H, 14C and 125I are used in RIA. The antisera against 
bovine serum albumin conjugates of trans-zeatinriboside 
(tZR) prepared by Weiler have a high affinity to tZR and 
zeatin [58]. The antisera show negligible cross-reactions 
with isopentenyladenosine and cis-zeatinriboside, and no 
cross-reactions with purines and adenosine. However, RIA 
is now seldom used because of the short stability time of the 
radiolabeled ligands and potential health hazards. 
The immunogens are labeled with enzymes instead of ra-
dioisotopes in ELISA. Wang et al. [59] prepared a SA mono-
clonal antibody using 5-aminosalicylic acid (5-ASA) linked 
to KLH as an immunogen that was highly specific to SA and 
even more specific to 5-ASA. Avidin-biotin complex was 
used in the ELISA assay of zeatin riboside with 100 mg fresh 
weight of tomato tissue by Maldiney et al. [53]. The antibod-
ies can cross-react with compounds of a similar chemical 
structure in ELISA, which leads to poor repeatability. There-
fore ELISA is not used widely except for brassinosteroids, a 
very low-concentration steroid plant hormone [60].  
Immunosensors, also based on the antigen-antibody in-
teraction, have been applied for determination of plant 
hormones. An immunosensor is a device comprising an 
antigen or antibody species coupled to a signal transducer, 
which detects the binding of the complementary species. 
The Key Laboratory of Phytohormones of Hunan Agricul-
tural University has made some progress in researching the 
use of immunosensors of plant hormones [61,62].  
Immunoassay is excellent for estimating hormone concen-
trations in plant tissues because of its advantages of high se-
lectivity, sensitivity and high throughput. Only small amounts 
of sample tissues and solution volumes are used in immuno-
assay. Nevertheless, the problem of cross-reactions of the 
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antibody remains an obstacle limiting the extensive applica-
tion of immunoassays for plant hormone quantification. 
2.2  Electrochemical analysis 
The advantages of electrochemical techniques over other 
analytical techniques are their simplicity, convenience and 
low cost. Early plant hormone electrochemical studies fo-
cused on the electrochemical behavior of abscisic acid, gib-
berellin, zeatin and kinetin [63–65]. The results showed that 
plant hormone electrochemical behavior is significantly 
affected by the pH and solution matrix, which are more 
complex in plant samples. Consequently, electrochemical 
techniques are seldom applied to the determination of prac-
tical samples. However, electrochemical biosensors have 
still attracted interest recently for plant hormone detection 
on account of their high selectivity, sensitivity and stability. 
An increasing number of electrochemical biosensors are 
being developed that can be used in the complicated matrix. 
The biorecognition layer, the core component of the elec-
trochemical biosensor, consists of biologically active sub-
stances, such as enzymes, microbes, tissues, antibodies or nu-
cleic acids. The chemical signals can be converted to measur-
able electronic signals on the layer. The current or potential 
difference is stoichiometrically proportional to the electroni-
cally active substance levels. Li et al. [66] developed a novel 
IAA biosensor using a mung bean sprout leaf-ferrocene modi-
fied carbon paste electrode (LFMCE). A certain amount of 
oxidases of IAA in the leaf of mung bean sprouts can catalyze 
IAA oxidation. The electrode current of IAA oxidation was 
used to quantitatively determine IAA content in the plant. A 
piezoelectric immunosensor, based on the quantitative rela-
tionship between the piezoelectric effect and quality change 
on the surface of the electrode, was also used for the determi-
nation of IAA content in a dilute solution [67]. The frequency 
change of the sensor caused by the antigen binding to the an-
tibody on the electrode surface is linearly related to the loga-
rithm of the concentration of the target compounds. 
Biosensor research has made great progress in recent 
years. The high sensitivity, real-time detection and con-
tinuous dynamic monitoring ability of biosensors make 
them ideal for plant hormone detection. However, poor sta-
bility and reproducibility are hurdles to their wide applica-
tion in practice. Nowadays, biosensors remain at the stage 
of methodology probes. 
2.3  Chromatography and chromatography/mass  
spectrometry 
Chromatography basically involves the separation of a 
mixture dissolved in a mobile phase through a stationary 
phase. Subtle differences in the partition coefficient of a 
component can result in differential retention behavior in 
the stationary phase causing their separation. Gas chroma-
tography and HPLC are common analytical approaches 
used for the quantitative analysis of plant hormones. An-
other branch of chromatography, capillary electrophoresis, 
is also applied in this field, which is based on differences in 
the charge and frictional forces of analytes under an electric 
field [68,69]. After purification and enrichment, the samples 
are still difficult for plant hormone determination owing to 
their complicated matrix, but the high separation efficiency 
of chromatography and the capability for combination with 
different detectors makes it an ideal technique for separating 
plant hormones from the matrix and to provide improved 
quantitative results. Gas chromatography and HPLC have 
been used for quantitative analysis of plant hormones since 
the early 1970s. Chromatography played an important role 
in the early days. Plant hormones need to be derived to in-
crease their volatility and improve their thermal stability 
when using GC. The derivatization involves many steps 
during the sample pretreatment, so this time-consuming 
aspect should be optimized carefully. HLPC, which can 
work with polar compounds directly, is more suitable for 
most plant hormones without derivatization when using a 
UV detector. The main drawback of using a UV detector is 
its lower sensitivity [70,71]. Compared with a UV detector, 
the sensitivity of a fluorescence detector (FLD) is about 2–3 
orders of magnitude higher, so FLD is more suitable for 
plant hormone detection [21,22,72,73]. Because the qualifi-
cation of analytes is only based on the retention time and 
UV or fluorescence spectroscopy with GC or HPLC com-
bined with these detectors, it is a little dangerous to draw 
the correct conclusion, because many components may be 
present in one peak with a complicated matrix. So UV and 
FLD cannot meet the accurate measurement requirements of 
trace plant hormone analysis. Gas/liquid chromatography- 
MS overcomes the disadvantages of traditional chromatog-
raphy technology and has become a popular tool for quanti-
tative analysis of plant hormones. 
Mass spectrometry is an analytical technique that mea-  
sures the mass-to-charge ratio (m/z) of charged particles. 
The analytes are ionized in the ion source, and then formed 
into an ion beam to pass through the ion guide system, fol-
lowed by analysis with a mass analyzer based on the m/z 
ratio. Molecular fragments are also obtained via different 
dissociation techniques such as collision induced dissocia-
tion. The m/z separation capability of a mass analyzer en-
hances the analysis of a plant extract after purification and 
enrichment by liquid partition or SPE. The researcher can 
monitor characteristic ions produced by MS with extremely 
high selectivity. Single quadrupole GC/MS and LC/MS 
applied in plant hormone analysis is based on the selective 
ion monitoring (SIM) mode, in which only specific charac-
teristic ions of the target compound are measured. SIM pro-
vides higher sensitivity and selectivity than monitoring all 
ions simultaneously, a data acquisition mode named full 
scan. Chemical ionization and electron ionization (EI) are 
two widely used ionization methods for GC-MS analysis 
[13,16,74,75]. However, EI typically uses electrons at 70 
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eV, which yields more fragments ions. Identification of the 
target compound is difficult in a complicated matrix [76]. 
The development of atmospheric pressure ionization tech-
nology has significantly expanded the application of 
LC/MS. Electrospray ionization (ESI) and atmospheric 
pressure chemical ionization (APCI) overcome the short-
comings of EI and have become two widely used ionization 
interfaces in LC/MS. Currently, ESI is the most common 
ion source used in LC/MS because of its higher sensitivity 
and lower background [77], although frit-fast atom bom-
bardment has also been used for analysis of cytokinins [78]. 
For some low-concentration plant hormones, the compli-
cated matrix still interferes with the analysis, even using a 
SIM scan mode. A better alternative is the multiple reac-
tions monitoring (MRM) mode with higher selectivity based 
on the tandem mass spectrometry (MS/MS) technique, 
which can be performed in either time or space, corre-
sponding to triple quadrupole mass spectrometry (QQQ 
MS) and ion trap mass spectrometry (IT MS), respectively. 
In MRM a precursor mass ion is selected in the first-stage 
quadrupole and then fragmented in the collision cell to yield 
diagnostic product ions filtered by the third-stage quadru-
pole. A signal is detected only when the selected precursor 
ion passes the first-stage quadrupole and the selected prod-
uct ion passes the third-stage quadrupole; thus each ionized 
compound gives a distinct precursor-to-product ion transi-
tion in the MRM mode that is diagnostic for the presence of 
a particular compound in an extract., Figure 1 gives the 
principle of isotope dilution using MRM mode on triple 
quadrupole mass spectrometer. The MRM mode shows 
higher selectivity and sensitivity than SIM and can detect 
the target plant hormones quickly [79,80]. Highly sensitive 
MS techniques have greatly reduced the amount of sample 
tissues required. Increasingly, protocols developed are 
based on LC-MS/MS [8,12,37,80]. Müller et al. [81] devel-
oped a GC-MS/MS method for rapid and accurate quantifi-
cation of SA, JA, IAA and ABA simultaneously from 20 
mg plant tissues. A nano-electrospray (nanoESI) source, 
which can generate product ions with higher efficiency us-
ing nanoliter flow rates (1 nL/min to 1 µL/min) and nano-
columns [82], is also employed in quantitative analysis of 
plant hormones. The sensitivity of nanoESI-MS has been 
significantly improved. Some problems associated with a 
nano-ESI source are the fragile spray nozzle and poor sta-
bility and reproducibility compared with a conventional ESI 
source. Moreover, the unique matching chromatography 
combined with MS still needs to be improved. These short-
comings hinder the wide application of nanoESI [83]. 
A milestone in LC system development is the application 
of fine particulate in separation science in recent years, 
which overcomes the limitation of conventional HPLC. This 
new type of LC is named ultra-performance liquid chroma-
tography (UPLC). The column is packed with 1.7 μm par-
ticulate and can tolerant 1000 bar pressure. The use of 
smaller particulate empowered UPLC with higher separa-
tion efficiency in a very short program. The total run time of 
the UPLC method may take several minutes only, whereas 
that of the HPLC method may take at least dozens of min-
utes. The UPLC technique was introduced to plant hormone 
analyses recently. Novak et al. [10] separated 32 cytokinin 
derivatives in less than 10 min, which was almost 4-fold 
faster than HPLC. More sample information will be ob-
tained when UPLC is combined with time-of-flight mass 
spectrometry (TOF-MS) because of its high separation effi-
ciency; indeed, an UPLC-TOF-MS system for the analysis 
of plant hormones has been reported recently [84]. 
There are two means of improving plant hormone quan-
titative analysis results. First, isotope dilution should be 
used because multistep pretreatment is involved. Stable 
isotope-labeled plant hormones, usually labeled with 2H, 13C 
and 15N, are added to the ground plant tissues before extrac-
tion. These isotope-labeled internal standards have almost 
identical physicochemical properties and chemical stability 
with endogenous plant hormones, so they can correct the 
plant hormone loss error during sample pretreatment and 
have almost the same chromatography and MS behavior 
[85]. The contents of plant hormones are determined by 
comparison of the MS response between the internal stan-
dards and the endogenous plant hormones under a SIM or 
MRM mode. The corresponding stable isotope-labeled plant 




are used widely [8,12,37,80]. Second, derivatization is 
needed to enhance sensitivity in some cases. High sensitivity 
is a prerequisite for plant hormone analysis. Some low- 
concentration plant hormones are difficult to quantify even 
when separated and purified by multistep pretreatments. 
Thus, derivatization can improve sensitivity dramatically. 
Chemical derivatization in GC/MS is usually aimed at in- 
 
Figure 1  The principle of isotope dilution using a multiple reactions monitoring (MRM) mode on a triple quadrupole mass spectrometer. MS1, monitoring 
precursor ion; CID, collision cell; MS2, monitoring product ion; IS, stable isotope-labeled internal standard; P, plant hormone. 
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Table 3  Derivatization methods for plant hormones 
Plant hormones Reagenta) Derivatization protocols References 
Diazomethane Sample was methylated using a stream of diazomethane gas [30] 
 
Sample was dissolved in 10% (v/v) methanol in diethylether and was 
methylated by reaction with diazomethane for 10 min at 0°C 
[7] 
 Incubate at room temperature in methanol solution [81,90] 
MTBSTFA Incubate for 60 min at 100°C [94] 
IAA 
BETAB 
Samples were dissolved in 20 μL aliquot of water, 4 μL 500 mmol/L 
bromocholine in 70% acetonitrile and 0.8 μL triethylamine, and then 
heated at 80°C for 130 min 
[87] 
Diazomethane 
Sample was dissolved in 10% (v/v) methanol in diethylether and was 
methylated by reaction with diazomethane for 10 min at 0°C 
[7] 
 Incubate at room temperature in methanol solution [81] 




Samples was dissolved in 20 μL aliquot of water, 4 μL 500 mmol/L bro-
mocholine in 70% acetonitrile and 0.8 μL triethylamine, and then heated 
at 80°C for 130 min 
[87] 
MTBSTFA Incubate for 60 min at 100°C [94] 
JA 
Diazomethane Incubate at room temperature in methanol solution [81] 
MTBSTFA Incubate for 60 min at 100°C [94] 
SA 
Diazomethane Incubate at room temperature in methanol solution [81] 
MTBSTFA Incubate for 60 min at 100°C [94] 
ACN: acetic anhydride: NMIM (100:10:1) 
MSHFBA 
Incubate for 30 min at room temperature [75] 
BTMSA Incubate for 30 min at 90°C [94] 
Propionic anhydride Incubate for 5 min at 60°C in acetonitrile solution [91] 
BETAB 
Sample was derivatized by heating to 37°C for 30 min in a mixture of 




Samples were dissolved in 20 μL aliquot of water, 4 μL 500 mmol/L 
bromocholine in 70% acetonitrile and 0.8 μL triethylamine, and then 
heated at 80°C for 130 min 
[87] 
GA1, A3, BSTFA 
GA methyl esters were silylated with a solution of BSTFA and pyridine at 
80°C for 15 min 
[18] 
 Incubate for 30 min at 90°C [94] 
GAs 
BETAB 
The samples was dissolved in 20 μL aliquot of water, 4 μL 500 mmol/L 
bromocholine in 70% acetonitrile and 0.8 μL triethylamine, and then 
heated at 80°C for 130 min 
[87] 
BRs Dansyl-3-aminophenylboronic acid 
Sample was derivatized by heating to 62°C for 30 min in a mixture of 
pyridine and acetonitrile (1:19) [86] 
a) MTBSTFA, N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide; MSHFBA, N-methyl-N-(trimethylsilyl)heptafluorobutyramide; BSTFA, N,O-bis 
(trimethylsilyl)trifluoroacetamide; BTMSA, bis(trimethylsilyl)acetylene; BETAB, (2-bromoethy1)trimethyl-ammonium bromide. 
 
creasing the volatility of plant hormones, so that the derived 
plant hormones are more suitable for GC/MS analysis. Al-
though LC/MS can analyze plant hormones directly, deri-
vatization is employed to improve ionization efficiency of 
the derived hormones, which can improve sensitivity by 10- 
to 1000-fold compared with underived hormones, and so 
has received increasing attention for the analysis of plant 
hormones [86–88]. 
Among the huge family of derivatization reagents, dia-
zomethane is one of the commonly used reagents with a 
high reaction speed and fewer by-products. However, dia-
zomethane should be used with extreme caution because of 
its toxicity and explosive nature [89]. The detection limit for 
IAA can increase 3-fold after the samples are methylated 
with diazomethane [90]. Other derivatization reagents, such 
as trimethylsilyl, t-butyldimethylsilyl, trifluoroacetyl and 
acetyl, are also employed in plant hormone analysis 
[75,91–93]. The polar plant hormone, cytokinins, can be 
acetylated and analyzed by GC/MS. Björkman and Tillberg 
[75] developed such a GC/MS derivatization method exhib-
iting high recovery, a clean background, and fewer by- 
products. However, the acetylated O-glucosides were un-
stable in GC/MS, and the derivatives of zeatin and dihydro-
zeatin showed only weak molecular ions, so determination 
of novel cytokinins with this method is difficult. Brassinos-
teroids are difficult to quantify using either GC/MS or 
LC/MS. The C22-C23 diol moiety can be selectively de-
rived using dansyl-3-aminophenylboronic acid to form 
dansyl-3-amin- ophenylboronates with a limit of detection 
of 125 attomole, thus Svatoš et al. [86] provide hope that 
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further quantification of brassinosteroids is possible with 
LC/MS. Thus, for GC/MS analysis, derivatization not only 
enhances volatility but also improves stability of target 
compounds; precolumn derivatizations for LC/MS hormone 
analyses are used to produce stronger ion currents and in-
crease the sensitivity. Different derivatization methods for 
plant hormones are summarized in Table 3. Appropriate 
choice of derivatization reagents depends on both the plant 
hormone and the corresponding derivatives’ physiochemical 
properties, such as stability, boiling point and molecular 
polarity. To develop an optimum program of derivatization, 
it is necessary to investigate the parameters including de-
rivative reagents, reaction time and temperature systemati-
cally. 
3  Summary and perspective 
Analysis of plant hormones is difficult because of their low 
concentration in plant extracts, which also contain a wide 
variety of interference substances. To improve identification 
and quantification of endogenous plant hormones, a suitable 
method should be employed to extract and enrich these 
trace compounds from plant tissues. These pretreatment 
steps can minimize the matrix effect of interfering sub-
stances. Sensitivity is still the key consideration in this field. 
Each analytical method has its own advantages and disad-
vantages. All methods based on the antigen-antibody spe-
cific interaction have extremely high theoretical sensitivity 
and specificity for purification and detection of hormones, 
but cross-reactions cause many problems. Electrochemical 
analysis, the most suitable real-time quantification ap-
proach, is limited by its instability, poor reproducibility and 
short service life. Only chromatography combined with 
mass spectrometry, especially triple quadrupole mass spec-
trometry, has rapidly become a highly sensitive, selective 
tool for plant hormone analyses in practice. The capability 
of combination with CE, GC or LC broadens detection with 
mass spectrometry. In particular, GC or LC coupled with 
tandem mass spectrometry not only significantly improves 
the sensitivity but also provides structural information based 
on fragmentation patterns. LC-MS/MS has become the most 
popular tool in plant hormone analysis because hormones 
can be analyzed directly. However, the high cost of instru-
ments and the consumption of stable isotope-labeled inter-
nal standards also hinder its wider application. Nowadays, 
an increasing number of scientists realize that precise and 
accurate quantitative plant hormone information in model 
plants will help them understand the molecular mechanism 
by which hormones regulate plant growth, development and 
responses to environmental stresses. Plant hormones are the 
cornerstone of molecular breeding and the key to open the 
door of modern agriculture. However, plant hormone analy-
sis remains a bottleneck for plant biologists, especially for 
some low-concentration plant hormones. The trends for the 
analysis of plant hormones should include the following 
points. First, quantify multiple classes of plant hormones 
simultaneously using a simple and sensitive method. In-
creasing evidence has shown that many biochemical events 
are not determined by a single plant hormone [95]. Scien-
tists have adjusted their focus from single plant hormone 
function to plant hormone crosstalk [96]. Second, develop-
ment of sensitive, in situ, transient, dynamic analytical 
methods for determining trace levels of different plant hor-
mones in a live plant. This is essential for elucidating the 
role and function of specific metabolites in diverse biologi-
cal systems. Third, label plant hormones with stable iso-
topes and synthesize plant hormones for precise quantitative 
analysis. Many chiral atoms present in plant hormone mo-
lecular structures are challenge for organic chemists. Fi-
nally, develop of high-throughput separation and enrich-
ment methods for plant hormone purification and quantifi-
cation. These methods can handle multiple samples in par-
allel. It is predictable that the development of new instru-
ments will play an important role in the quantitative analy-
sis and structural identification of plant hormones. As an 
increasing number of novel plant hormones are discovered, 
our knowledge of plant hormones will be expanded. 
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